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Abstract
Techniques for the thermal modelling of contemporary sin-
gle skin windows with insulating glass units are well devel-
oped, but their applicability for traditional box type windows 
is under investigated. Due to their different construction and 
dimensions, a different type of natural convection is encoun-
tered in their air cavity. In this article, a literature review is 
conducted to analyse the characteristics of this flow and its 
difference from the flows in contemporary windows. Finally, 
the best-known correlations used to quantify the convective 
heat transfer in glazing cavities are analysed with regards to 
their validity for the specific case of box type windows.
Keywords
historical double skin window, box type window, heat loss 
calculation, convection in glazing cavity, natural convection
1 Introduction
The thermal and solar/optical properties of windows can 
either be determined by measurement or by calculation. The 
required measurements (e.g. Hot-Box measurement for the 
U-value, and integrating-sphere measurement for the solar 
transmission of glazing layers) are very expensive and time-
consuming to perform. The wide variety of possible geome-
tries that can be assembled from a single window profile type 
and glazing system, shows that it would require a huge number 
of these measurements to be performed to provide designers 
with a usable database. This makes laboratory measurements 
impractical as an aid for the everyday practice of fenestration 
thermal design. A great deal of effort was invested instead 
in developing databases, calculation methods, standards and 
software to enable accurate prediction of fenestration thermal 
and optical performance indices from plans only. Measure-
ments are usually only performed to aid the development of 
said methods, during the development of radically different 
new fenestration products and to perform an occasional vali-
dation of standard calculations.
The thermal properties of fenestration are harder to deter-
mine than most other parts of the external thermal envelope 
for three main reasons: their inherent inhomogeneity (differ-
ent materials of frames, sashes, and spacers for example) their 
incorporation of transparent components (glazing), and the 
presence of gas-filled cavities (glazing and frame cavities) in 
their construction. Conductive, convective and radiative heat 
transfer processes are all important in determining their ther-
mal performance. Calculation methods use a series of implicit 
assumptions and simplifications to make the task manageable; 
these rest on the common physical properties of most contem-
porary window constructions. Most contemporary windows 
are constructed as a single-skin or single layer framework with 
fixed and/or operable sashes that hold relatively thin (ca. 10 – 
40 [mm]) hermetically sealed multipane insulating glass units 
or opaque insulated panels of similar dimensions. IG units are 
completely self-contained and interface with the frame and 
sash elements only at a narrow section around their perim-
eter: the edge-of-glass area. The thermal interaction between 
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glazing and frame and the effect of the spacer bars in the IG 
unit is limited to this area, and the processes within the glazing 
(convection and thermal radiation) itself are well approximated 
with one-dimensional models. Based on these properties, cal-
culations are usually done in three major steps: calculation of 
centre-of-glazing values with one-dimensional models, calcu-
lation of multi-dimensional and frame effects on window/frame 
components (usually with 2D thermal simulations) where the 
glazing is approximated with effective material properties cal-
culated in step one, and finally the combination of glazing and 
frame component results into whole-window characteristics 
with simple equations. These steps should provide approxi-
mate, but sufficiently accurate results, thus eliminating the need 
to perform much more involved three-dimensional simulations 
of conjugate heat transfer (coupled convective, conductive and 
radiative heat transfer).
The calculation methods developed based on this framework 
are laid down in a series of European, international and Ameri-
can standards. Standards describing centre-of-glazing thermal 
calculations are the European EN 673 (2011), the international 
ISO 10292 (1994) and ISO 15099 (2003), with the last being the 
most accurate and the one used in most North American calcu-
lations as well. The simulation of component level heat trans-
fer is according to either the European EN 10077-2 (2012) or 
the American NFRC 100-2010 (2010) standards. The summa-
tion of the component heat transfer rates into a single window 
U-value follows either the European method in EN 10077-1 
(2006) or the North American in NFRC 100-2010 (2010). The 
ISO 15099 (2003) standard contains both of these methods. 
The solar-optical characteristics of glazing systems with 
only specular layers are calculated according to either EN 
410 (2011) or ISO 9050 (2003), which both yield very similar 
results. The presence of non-specular layers, such as various 
shading devices, necessitate the use of more complex algo-
rithms, such as ray-tracing or the matrix layer method of Klems 
(1993; 1994) using Bi-Directional Scattering Distribution 
Functions. European standards and calculation usually use the 
g value which is defined as a characteristic of the glazing only, 
while the SHGC value most commonly used in North America 
contains the inward flowing portion of the solar gain absorbed 
by the frame as well. European and American standards also 
pose different boundary conditions (ambient temperatures and 
incident solar radiation, etc.) on the calculation of these values.
Blanusa et al. (2007) have performed a comparison of the 
European (EN 673/EN 10077-1/2) and American calculation 
methods (ISO 15099, NFRC-100) for the same boundary con-
ditions and found that neither one is clearly more accurate than 
the other in predicting multi-dimensional frame heat transfer. 
The small inherent discrepancies between the two models 
exist because they both try to approximate three-dimensional 
heat transfer processes (conduction, convection and radia-
tion) with only two-dimensional calculations but in slightly 
different ways, and they pose different boundary conditions. 
These differences only grow larger when the glazing to frame 
area ratio is small, and three-dimensional effects become more 
dominant. To address this issue Kumar (2010) compared two 
and three-dimensional thermal calculations of window heat 
transfer and found no significant errors between them, while 
Gustavsen et al. (2008) compared hot-box measurements with 
calculations according to both methods and found errors of less 
than 10% for contemporary energy-efficient windows. Both 
Kumar and Gustavsen have indicated that two-dimensional 
calculations give window-level results that are acceptable, 
but component-level results and temperature fields can show 
significant errors due to the three-dimensional and convective 
effects that seem to cancel out at only at the whole window 
level. This compromise is generally acceptable if only the over-
all heat transfer values are of interest.
All of the models mentioned thus far were developed for 
contemporary single-skin windows with IG units and all of the 
recent cross comparison and validation effort presented here 
concentrated on such constructions. However, most of the 
historical windows in central Europe from the middle of the 
19th century to the middle of the 20th century have a completely 
different construction. They are double skinned so called box 
type windows (Kastenfenster in German): they have two layers 
of wooden sashes, each with a single pane of glass. A 10-20 cm 
thick casing connects the exterior and interior frames forming 
an air layer between the glazing panes to provide additional 
thermal resistance. This construction was the end product of 
centuries of window development, and it represented an enor-
mous leap forward in thermal comfort and insulation from pre-
vious windows that had only a single piece of glass separating 
the interior from the exterior environment. Many different sub-
varieties of such windows exist, which are characteristic of the 
country or region and in some cases, even for the decade of 
the building’s construction. The two layers of sashes may both 
open towards the inside, or in an opposite direction, but the 
essential constructional principle and the high quality of crafts-
manship that went into their making is the same.
As a result of this constructional difference, the main glaz-
ing cavity of box type windows is not sealed like in an IG unit, 
and it is formed not by small spacer bars but with the distance 
between two layers of sashes. The thickness of the cavity is 
much bigger; its height to width ratio much smaller, and it is 
flanked by the frame itself. This puts at least some of the sim-
plifications in contemporary calculation methods in question. 
The different cavity dimensions will result in a type of natu-
ral convection significantly different from the one in IG units, 
one which is not well described by one-dimensional models 
and effective material properties. Additionally, the interaction 
between the convective and radiative heat transfer in the cavity 
and conduction in the solid bodies of the frame is made much 
more pronounced (see also in Bakonyi and Becker (2014)). 
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Fig. 1 Schematic representation of the jamb detail of two typical 
19th century box type windows
These differences warrant a detailed investigation of the 
fenestration heat transfer models’ applicability for calculating 
box type windows. This paper reviews the models describing 
the convective heat transfer in enclosed cavities (a key part of 
fenestration heat transfer models) and analyses their accuracy 
for the specific case.
2 The “convection in a rectangular cavity” problem
The starting point for studying the natural convection heat 
transfer in windows is the simplified case of a gas filled rectan-
gular cavity with two differentially heated (or cooled) surfaces. 
By creating a temperature difference across these surfaces of the 
enclosure, a natural convection is initiated by the temperature 
gradient. This convection is a function of many parameters:
• The geometry of the cavity (see Fig. 2) described by the 
following parameters:
• L [m] – the thickness of the cavity in the x direction 
(the horizontal distance of the opposing faces where 
the temperature difference is applied)
• W [m] – the width of the cavity in the y direction (the 
horizontal dimension of the cavity perpendicular to 
the main temperature gradient)
• H [m] – the height of the cavity in the z direction
• φ [°] – the angle of inclination of the cavity (if it is 
not vertical)
• The thermal boundary conditions: the surface tempera-
ture of the two differentially heated surfaces (if they are 
isothermal) and a description of the other surfaces, which 
can be either adiabatic or have a constant temperature 
gradient between the two heated surfaces (linear temper-
ature profile). These are simplifying assumptions neces-
sary to devise measurement methods and enable simple 
analytical solutions, and they will later be abandoned. 
Isothermal heated (or cooled) cavity surfaces are speci-
fied by their surface temperatures:
• TH [K] – the temperature of the hot side of the cavity
• TC [K] – the temperature of the cold side of the cavity
• The physical properties of the gas filling the cavity:
• µ [kg/ms] – the dynamical viscosity
• ρ [kg/m3] – the density
• λ [W/mK] – the thermal conductivity
• cp [J/kgK] – the specific heat (at constant pressure)
• β [1/K] – the thermal expansion coefficient 
Fig. 2 A schematic representation of the ‘natural convection in a 
rectangular differentially heated cavity’ problem
Besides the study of the actual temperature, velocity, and 
pressure fields in the fluid, the determination of the overall 
convective heat transfer between the two differentially heated 
surfaces and the derivation of simple easy-to-use methods for 
its calculation are the main goals of most of the research done 
on the problem. This requires the reduction of the number of 
influencing parameters, which is usually achieved with the 
help of dimensional analysis. The dimensionless groups most 
commonly used to describe the problem are the dimensionless 
aspect ratio, the Prandtl, Grashof, Rayleigh and Nusselt num-
bers. As a further simplification, the flow is usually taken to be 
two-dimensional, which is accurate enough if the width of the 
cavity is sufficiently larger than its thickness (which is true for 
most fenestration glazing cavities).
The dimensionless aspect ratio is simply defined as the 
ratio between the total cavity height and the cavity thickness:
A H
L
=
where: A [-] – the dimensionless aspect ratio
 H [m] – the total height of the cavity
 L [m] – the thickness of the cavity in the direc- 
  tion of the main temperature difference
The Prandtl number is a material property of the fluid (and 
the fluid’s state – e.g. temperature) and it is a measure of the 
ratio between the viscous (or momentum) and thermal diffu-
sion rates: 
Pr = =
µ
λ
ν
α
cp
where: Pr [-] – the Prandtl number
 μ [kg/ms] – the dynamic viscosity
 cp [J/kgK] – the specific heat capacity
(1)
(2)
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 λ [W/mK] – the thermal conductivity
 ν [m2/s] – the kinematic viscosity
 α [m2/s] – the thermal diffusivity
If Pr<<1 the thermal diffusion will tend to dominate and the 
thermal boundary layer will be much thinner than the momen-
tum boundary layer, and if Pr>>1 the opposite will be true. For 
most gases, the Prandtl number is approximately constant for a 
wide range of temperatures and pressures, and for our purposes 
(building physics) it can be taken as Pr = 0.71 [-]. This indi-
cates that both thermal diffusion and convection effects will be 
around the same order of magnitude.
The Grashof number is used to describe natural convec-
tion, and can be thought of as the ratio of buoyant to viscous 
forces in a unit volume of the fluid:
Gr g V
g T T l
=
∆
=
−( )ρ
ρν
β
ν2
1 2
3
2
where: Gr [-] – the Grashof number
 g [m2/s] – the acceleration of gravity
 ρ [kg/m3] – the density 
 V [m3] – the volume
 ν [m2/s] – the kinematic viscosity
 β [1/K] – the thermal expansion coefficient
 T [K] – temperature
 l [m] – the characteristic length
For natural convection in a rectangular cavity, the tempera-
tures are usually taken as the surface temperatures of the dif-
ferentially heated surfaces and the characteristic length l as the 
thickness of the cavity: L. If Gr>>1 buoyancy dominates over 
viscosity.
The Rayleigh number is the product of the Prandtl and Gra-
shof numbers, and is widely used in the description of natural 
convection problems:
Ra Gr
l gc T
T
p
m
= =
∆
*Pr
ρ
µλ
2 3
where: Ra [-] – the Rayleigh number
 Gr [-] – the Grashof number
 Pr [-] – the Prandtl number
 ρ [kg/m3] – the density
 g [m/s2] – the acceleration of gravity
 cp [J/kgK] – the specific heat capacity
 ΔT [K] – the temperature difference
 μ [kg/ms] – the dynamic viscosity
 λ [W/mK] – the thermal conductivity
 Tm [K] – the average temperature of the fluid 
The heat transfer is dominated by thermal diffusion below 
and by convection above a certain critical Rayleigh number. 
The Rayleigh number is normally used to derive equations that 
are true for different types of fluids as it is a function of both 
the balance between buoyant and viscous forces and the fluid 
material properties.
The Nusselt number is defined as the ratio of the convec-
tive and conductive heat transfer coefficients across a fluid in 
natural convection:
Nu h
h
h
R
h
d
conv
cond
conv
cond
conv= = =1 λ
where: Nu [-] – the Nusselt number
 hconv [W/m2K] – the convective heat transfer   
  coefficient
 hcond [W/m2K] – the conductive heat transfer   
  coefficient
 Rcond [m2K/W] – the conductive heat transfer   
  resistance
 λ [W/mK] – the thermal conductivity
 d [m] – the characteristic thickness (the   
  thickness of the cavity) 
The conductive heat transfer coefficient is the heat transfer 
coefficient of an imaginary stagnant body of fluid where heat 
transport happens only by thermal conduction (thermal diffu-
sion). If Nu≈1, the convective heat transfer is negligible, and 
for heat transport, the fluid is stagnant. In the cavity convection 
problem, a ≈1 Nusselt number means a near zero velocity per-
pendicular to the heated boundaries over much of the cavity. If 
Nu>1, the convective heat transfer will become important and in 
the case of Nu>>1 starting to dominate over thermal diffusion.
Since the cavity thickness is usually known and the thermal 
conductivity of the fill gas is easy to determine (in the condi-
tions usually encountered in building physics it is a function of 
the gas temperature only), the Nusselt number is the most con-
venient way to describe the total convective heat flow across 
the cavity. The determination of the Nusselt number from the 
other properties is thus the main task in most thermal calcula-
tions of cavity convection, and a considerable body of work is 
devoted to it. This is done either by measurement, CFD simu-
lations or with simple empirical equations previously derived 
from the last two. The equations are called Nusselt correlations 
as they are derived from analysing the relationship between 
the Nusselt number and the other dimensionless groups men-
tioned earlier. All fenestration heat transfer calculation meth-
ods have a set of Nusselt correlations in their algorithms that 
were selected from the literature or developed for the explicit 
purpose of modelling the thin cavities of insulating glass units.
(3)
(4)
(5)
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3 Literature review
Natural convection in differentially heated rectangular 
enclosed cavities is a problem of interest for many scientific 
and engineering fields. As a result, we can find a truly large 
number of publications devoted to the subject. Those most 
important for the calculation of glazing systems will be briefly 
summarized here.
Batchelor (1954) was one of the first researchers to inves-
tigate the temperature field in a rectangular enclosure with 
isothermal differentially heated surfaces. His work focused on 
laminar flows with relatively low Grashof or Rayleigh num-
bers. He was the first to identify the so-called ‘conduction’ and 
‘boundary layer’ flow regimes based on analytical principles. A 
flow is in the conduction regime when it is under a certain Gr or 
Ra number and the heat transfer is predominantly via heat con-
duction (thermal diffusion) in the fluid (see Fig. 3). This regime 
is characterized by a constant temperature gradient across the 
cavity between the heated surfaces, a temperature field that 
satisfies the Laplace equation much like the temperature field 
one would encounter in a homogeneous solid material after 
the steady-state is reached. But if the Gr and Ra numbers are 
increased (e.g. by increasing the temperature difference), the 
flow will enter the boundary layer regime where the heat trans-
fer is instead due mainly to convection (see Fig. 4). Distinct 
boundary layers form with high-temperature gradients at the 
two heated surfaces while the core of the fluid between these 
layers will demonstrate a near zero horizontal temperature gra-
dient. Batchelor predicted that the core will show no vertical 
temperature gradients either (completely isothermal core). This 
later turned out to be incorrect.
Fig. 3 Schematic representation of the conduction regime
Eckert and Carlson (1961) conducted an interferometry 
experiment to investigate the temperature field in differentially 
heated cavities of different sizes and aspect ratios at different 
Grashof numbers. They confirmed the existence of the dis-
tinct conduction (Fig. 5) and boundary layer regimes (Fig. 7) 
reported by Batchelor at low Gr numbers above a certain aspect 
ratio and high Gr numbers under a certain aspect ratio respec-
tively. Unlike Batchelor, however, they also noted the existence 
of a third flow regime between the last two: the so-called transi-
tion regime (Fig. 6). In these transitional flows the temperature 
field no longer satisfies the Laplace equation: a stronger tem-
perature gradient starts to form near the boundaries but these 
temperature boundary layers still interact in the core and the 
fully formed boundary layer regime is not yet reached. Some-
times, this kind of flow is also characterized by the emergence 
of a series of secondary convection cells. Another of their find-
ings was the existence of a strong vertical temperature strati-
fication in the fluid core in the boundary layer regime, which 
goes contrary to Batchelor’s isothermal core hypothesis. 
Fig. 4 Schematic representation of the boundary layer
Fig. 5 Schematic representation of the conduction regime
Fig. 6 Schematic representation of the transition regime with 
secondary convection cells
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Fig. 7 Schematic representation of the conduction regime, with a vertical 
temperature gradient in the fluid core
Eckert and Carlson did not perform enough experiments to 
pin down the exact limits of transition between the different 
flow regimes very reliably, but they did derive two correlations 
for the Nusselt number in the conduction and the boundary 
layer regimes respectively. These use the aspect ratio and the 
Grashof number.
The correlation for the conduction regime:
Nu Gr Acond L= + ⋅ ( ) ⋅1 0 00166
0 9
.
.
where:
 Nucond [-] – the Nusselt number for the conduction   
  regime
 GrL [-] – the Grashof number based on the cavity  
  thickness
 A [-] – the dimensionless aspect ratio
The correlation for the boundary layer regime:
Nu Gr ABL L= ⋅ ( ) ⋅ −0 119
0 3 0 1
.
. .
where:
 Nucond [-] – the Nusselt number for the conduction   
  regime
 GrL [-] – the Grashof number based on the cavity  
  thickness
 L [m] – the cavity thickness
 H [m] – the cavity height
These correlations have limited applicability since they 
lack a description of the transition regime. Their correla-
tions are based on data gathered for cavity aspect ratios of
A=2.5-46.7 [-] and Grashof numbers of Gr=8e4-2e5 [-]. The 
limits of transition between the different flow regimes they pro-
posed are shown in Fig. 13.
Elder (1965) conducted experiments on natural convection 
for cavities with aspect ratios of A=1-60 [-] and Rayleigh num-
bers of Ra<1e8 [-] with a fluid of Pr=103 [-]. The heated cavity 
walls were kept isothermal. For Re<1e3 the temperature field 
closely satisfied the Laplace equation (conduction regime), 
although, even here, a single cell convection is still present but 
with nonzero horizontal velocities only around the top and bot-
tom edges of the cavity (up to a distance of around L) (see 
Fig. 8). Between Re=1e3 [-] and Re=1e5 [-], the temperature 
gradients next to the heated wall begin to grow, and a vertical 
temperature stratification starts to form in the core. At around 
Ra=1e5 [-] a ‘cat’s eye pattern’ of secondary convection cells 
is starting to form that grow larger in amplitude and begin to 
interact at around Ra=1e6 [-] (Fig. 9). The boundary layers 
have a thickness that is ~Ra^1/4. The higher the Rayleigh num-
ber gets, the thinner the boundary layers become, which finally 
results in the boundary layer regime described earlier (Fig 10).
Fig. 8 Schematic representation of the flow in the conduction regime
Fig. 9 Schematic representation of the flow in the transition regime
Fig. 10 Schematic representation of the flow in the boundary layer regime
(6)
(7)
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In his 1967 book, Jakob (1967) proposed another correlation 
for the Nusselt number based on earlier experimental datasets. 
The correlation is derived for cavities with A=3.12-42.2 [-] and 
Gr=2e4-2e5 [-]. The correlation takes the following form:
Nu Gr AL= ⋅ ( ) ⋅ −0 18
0 25 0 111
.
. .
The Nusselt number is thus found to be directly proportional 
to the temperature gradient and inversely proportional to the 
aspect ratio, albeit only weakly. This form of correlation - Nu = 
C * Gr^a * A^b  - is found in the works of many other authors 
as well: Newel and Schmidt (1970), Yin et al. (1978), Eckert 
and Carlson (1961) and Yang (2003).
Newell and Schmidt (1970) used a Finite Difference Method 
based CFD code to study the laminar convective heat transfer 
in rectangular cavities with A=2.5-20 [-] and Gr=4e3-1.4e5 [-]. 
Their Nu number results gave the following correlation with 
the A and Gr numbers:
Nu Gr A= ⋅ ⋅ −0 115 0 315 0 265. . .
Hollands et al. (1976), in their 1976 article, studied the free 
convection in inclined rectangular cavities with high aspect 
ratios of A>20 [-], Rayleigh numbers of Ra<1e5 [-] and incli-
nations of 0°≤φ<70° with upward heat transport (heated from 
below, cooled from above). They proposed a new correlation 
for the Nusselt number that is today incorporated into the 
widely used international and harmonized European standard 
ISO 15099 (2003):
Nu
Ra Ra
= + ⋅ −
⋅ ( )





 ⋅ −
⋅( )( )
⋅
•
1 1 44 1
1708
1
1708 1 8
2
.
cos
sin .
cosϕ
ϕ
ϕ
ϕ
( )








+
⋅ ( )




 −








•
Ra cos
/
5830
1
1 3
where: x x x[ ] = +( )• 2
 Nu [-] – the Nusselt number
 Ra [-] – the Rayleigh number
 φ  [°] – the inclination of the cavity (from  
  horizontal)
Yin et al. (1978) conducted natural convection experiments 
for air-filled cavities with aspect ratios of A=4.9-78.7 [-] over a 
wide range of Grashof numbers: Gr=1.5e3-7e6 [-]. They meas-
ured temperature profiles and overall heat transfer rates and 
derived a correlation for the Nusselt number dependent on both 
the Grashof number and the aspect ratio:
Nu Gr A= ⋅ ⋅ −0 21 269 0 131. .
Yin et al. (1978) also proposed values for the limits of transi-
tion (Gr or Ra numbers) between the conduction, transition and 
boundary layer regimes, as well as between laminar and turbu-
lent flows depending on the cavity aspect ratio (see Fig. 13).
Raithby and Wong (1981) performed numerical simulations 
to come up with a new correlation for the Nusselt number for 
cavities with A=2-80 [-] and Ra=1e3-2e5 [-]:
Nu Ra
Ra
= +
⋅
+






















1
0 344
1
112
0 25
0 87
2
0 5
. '
'
.
.
.
Where Ra’ is given by the following expressions depending 
whether the side walls of the cavity were modelled with a linear 
temperature profile or as adiabatic:
Ra
A
Ra
A
'
.
.
= −




 ⋅1
1 02
0 44
for a linear temperature profile
Ra
A
Ra
A
' .
.
= −




 ⋅0 89
0 73
for adiabatic side walls
ElSherbiny et al. conducted one of the most comprehensive 
and most cited measurement campaigns in the literature about 
natural convection in rectangular cavities. In a first publica-
tion (ElSherbiny et al., 1982a) they investigated the effect the 
treatment of the side wall boundary conditions have on meas-
urement results. Most convective heat transfer measurements 
are done by creating a linear temperature profile at the side 
walls of the cavity. While this is a good fit for flows in the 
conduction regime where the temperature gradient in the fluid 
is itself linear, which results in basically no sideways heat flux, 
it complicates matters when a boundary layer regime flow is 
investigated. Here, especially at the top and bottom zones of 
the cavity, the core of the fluid is close to either the cold or 
the hot boundary temperature while the solid wall of the cavity 
tries to enforce a linear temperature profile, which will lead to 
nonzero sideways heat flux.
In their second paper (ElSherbiny et al., 1982b), they pre-
sent an extensive set of measurement data of Nusselt numbers 
for air-filled cavities with aspect ratios between 5 and 110 and 
Rayleigh numbers of Ra=1e2-2e7 [-]. Besides publishing the 
raw data, they propose a whole set of correlations for the Nu 
number. These are a series of six equations valid only for dis-
tinct aspect ratios but with a better fit and two more complex 
correlation functions, which incorporate the whole range of the 
measurements called design correlations for vertical and for 
inclined cavities of arbitrary aspect ratios and Rayleigh num-
bers. The measurements were done with isotherm heated sur-
faces and linear temperature profiles at the side walls.
The six equations for the Nusselt number in cavities for distinct 
aspect ratios:
Nu Ra
Ra
= +
+ ( )














1
0 193
1 1800
0 060
0 25
1 289
3
1 3
.
/
, .
.
.
/
5
5 1 8
1 3
*
,
/
max
Ra
A Ra e










[ ] [ ]= − < −for
(8)
(9)
(10)
(11)
(12)
(13)
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Nu Ra Ra
A
= + ( )








[= −
1 0 125 0 061
10
0 28
9
1 9
1 3
. , . *
.
/
/
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for ] [ ]< −, .Ra e9 7 6
Nu Ra A Ra e= + ( )

 [ ] [ ]= − < −1 0 064 20 2 6
1 3
6 5
1 6 5
. ,
/
.
/ .
for
Nu Ra A Ra e= + ( )

 [ ] [ ]= − < −1 0 0303 40 2 5
0 402
11
1 11
. ,
.
/
for
 
 
Nu Ra A Ra e= + ( )

 [ ] [ ]= − < −1 0 0227 80 3 4
0 438
18
1 18
. ,
.
/
for
Nu Ra A Ra e= + ( )
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These equations are regarded by many authors as the most 
accurate to date. The general purpose multi-aspect ratio cor-
relations they propose finds the actual Nusselt number as the 
maximum of three functions:
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Nu1 usually describes the flow in case of large Ra numbers 
(boundary layer regime), Nu2 in the conduction regime and Nu3 
in the transition regime.
Fig. 11 The measurement data of ElSherbiny et al. (1982b) (for A=5-40) and 
their correlations for distinct aspect ratios (the dashed end of the lines represent 
the correlations extrapolated outside their reported range of validity)
For inclined cavities – with inclinations between 60° and 
90° – they propose the following method: there is a correlation 
for an inclination of 60° while values for other inclinations are 
found with linear interpolation between the 60° and 90° values. 
The correlation for 60° is:
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Lee and Korpela (1983) studied multicellular convection 
in the transition regime with numerical simulations to find the 
critical Gr numbers where this kind of flow pattern is encoun-
tered. They investigated aspect ratios of 10-40 [-] and a wide 
range of Grashof numbers, and developed a simple equation for 
the aspect ratio dependent limit:
Gr Ac =
+
⋅ −
1
5
1 25 10
4
.
The limit is visualized in Fig. 13. Under an aspect ratio of 
A=12 [-] secondary flow was not detected. Their results com-
pared well with measurements done with smoke aided flow 
visualization and interferometry.
Shewen et al. (1989) have developed a new method for the 
simultaneous heating or cooling of, and heat flux measurement 
on cavity walls in experimental apparatus aimed at the study of 
natural convection in rectangular cavities based on the Peltier 
effect. Relying on this work, in another article Shewen et al. 
(1996), they present their measurements and a correlation for 
the Nusselt number for cavities with aspect ratios of 40 or larger 
and Rayleigh numbers less than 1e6. The aspect ratio and Ray-
leigh number range is clearly aimed at insulating glass units.
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Wright and Sullivan (1989) present an exhaustive literature 
review of works concerning the modelling of the natural ventila-
tion in rectangular cavities in their effort to find a suitable model 
for predicting the lowest internal surface temperature at the bot-
tom edge of insulating glass units. IG units have typical cavity 
(19)
(15)
(14)
(16)
(17)
(18)
(20)
(22)
(21)
(23)
(24)
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aspect ratios of around 70 or higher, but relatively low typical Ra 
numbers. A well sized IG unit is usually in the conduction regime 
where the flow is very weak and strictly vertical throughout most 
of the glazing. However, even the weak convection cell of a con-
duction regime flow must close and loop around at the bottom 
and top edges. Here, the normally linear temperature profile gets 
distorted: the bottom edge gets cooler and the top edge warmer at 
the interior side due to convective cooling or heating. This is the 
reason why the minimum surface temperature prediction of most 
thermal bridge simulation programs that only solve the Fourier 
equation, are unreliable in these regions.
In another article, Wright (1996) analyses the Ra-Nu data and 
correlations of ElSherbiny et al. (1982a; 1982b) and Shewen 
et al. (1996) for the A and Ra number region most interesting 
for the thermal calculation of insulating glass units: A>40 [-] 
and Ra<1e6 [-]. Every correlation starts with the conduction 
regime at the smallest Ra numbers, where Nu=1 [-] and ends 
with the very large Ra numbers of the fully developed turbulent 
boundary layer flows where the slope of the Ra-Nu function is 
found to be around 1/3 on a logarithmic plot by all authors. The 
transition from the conduction to the transition and from the 
transition to the fully formed turbulent boundary flow regimes 
is shown to be a function of A. Taller cavities leave the con-
duction regime earlier and can become turbulent at smaller Ra 
values than cavities with a smaller aspect ratio. The transitional 
Nu numbers at low A values are highly dependent on the A 
value itself and are represented by a bend in the Ra-Nu func-
tions between the conduction and boundary layer regimes. At 
high values of A, its effect becomes smaller and impossible to 
quantify reliably due to the unpredictability of the secondary 
flows in the transition regimes. Or at least this was the case in 
ElSherbiny’s (1982a) dataset Wright used. They conclude that 
an A value independent correlation is required.
Wright selects the measurements of Sheven for A=60, 80 
and 110, as well as ElSherbiny’s data to derive his own cor-
relations that are tailored to the zone of insulating glazing 
units – A>40 [-] and Ra<1e5 [-]. The correlation is derived to 
minimize the errors in the zone where the unresolved A value 
dependence creates disturbances in the data. Ra values between 
1e5 and 1e6 were added to the dataset to account for krypton 
gas fills and the larger pane spacing of storm windows. The 
new set of correlations is:
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Fig. 12 The measurement data of ElSherbiny et al. (1982b) (for A=5-40) and 
Wright’s (1996) general correlations (the dashed end of the lines represent the 
correlations extrapolated outside their reported range of validity)
Although the data used for the derivation stopped at Ra=1e6 
[-] Wright claims that there is no theoretical limit to the validity 
of the correlation in the even larger Ra numbers of the boundary 
layer regime. The 1/3 slope of the Ra-Nu function in this region 
and the fact that Ra is proportional to the third power of the cav-
ity thickness, means that the convective heat transfer coefficient 
in very large cavities will be independent of the cavity thick-
ness. This shows that there is a theoretical maximum convective 
heat transfer resistance one can achieve with a single air gap.
In these equations, the term Nu2 does show a dependence on 
A, but it is only ever effective for A<25 – outside the official 
validity range of the correlations.
The correlations presented by Wright are currently an inte-
gral part of the harmonized European and international stand-
ard EN ISO 15099 (2003) for the calculation of centre of 
glazing heat transfer indices of IG units and the widely used 
glazing thermal calculation program LBN WINDOW (Law-
rence Berkeley National Laboratory: Window 7.3). However, 
the limitations in A and Ra values originally reported by Wright 
are not mentioned in either one. For cavities with smaller A 
values, where the A value dependence of the Nusselt number is 
more important, Wright suggests using the original six correla-
tions of ElSherbiny (1982b) instead.
In the article, Wright (1998) introduce a model for the cal-
culation of minimum surface temperatures of windows that, 
instead of a purely conduction calculation, relies on a one-
way coupling between a CFD simulation for the velocity field 
in a glazing cavity and the thermal conduction calculation in 
the solid parts (frame, glazing, etc.). A precalculated velocity 
field in the glazing cavity is used to define the convective heat 
transfer in the thermal simulation of the glazing-spacer-frame 
assembly. The program can handle both simple conduction 
regime and transition regime flows, but it was not intended for 
the boundary layer regime.
(25)
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Zhao et al. (1998) set out to improve the correlation of 
Wright, and to resolve the A value dependence of the Nussel 
numbers for cavities with an aspect ratio of 5-110 [-] and a 
Rayleigh number of up to 2e4 [-]. In their survey of the litera-
ture and the published data, they have found that Nu is always 
a function of A if A<40 [-] and even between A=40-80 [-] if 
Ra>5950 [-], which is shown in the data of Lee and Korpela 
(1983), ElSherbiny et al. (1982b) and Yin et al. (1978) alike. 
Theoretically for the same Ra number, the Nu number should 
decrease with larger aspect ratios as a large part of the convec-
tive heat transfer happens at the top and bottom edges of the 
cavity where the flow loops around, the relative effect of which 
is decreased when the total height of the cavity is increased. 
ElSherbiny’s data is found to show unphysical tendencies in 
this regard. Also, in ElSherbiny’s measurement for A=40-110 
[-], the transition point between the conduction and transition 
regimes is shown to deviate significantly from what is expected 
from the rest of the literature. Since the correlations of Wright 
(1996) are partly based on this dataset, they warn that they 
could require some revision.
Instead of measurement data, Zhao et al. used CFD simula-
tion results to derive their new correlation since unlike meas-
urements, CFD simulations can produce reproducible A value 
dependent Nusselt values in every flow regime. Their new cor-
relation is:
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The new equation compares well with the data of ElSherbiny 
for A=5-20 [-], but deviates for A=40-110 [-] for the reason dis-
cussed earlier. 
Zhao, Goss, Curcija and Power (1997) also studied the limits 
for multicellular patterns in the natural convection in rectangu-
lar cavities. Unlike Lee and Korpela (1983), they reported both 
lower and upper limits in Ra number for cavities with aspect 
ratios between 10.7 and 80 [-]. Their calculations showed an 
absolute lower limit of A=10.7 [-] under which no multicellular 
flow occurred. In cavities with A=10.7-30 [-], the multicellular 
convection died before reaching the turbulence regime. Their 
Ra limits are shown in Fig. 13. 
In his Ph.D. thesis, Power (1999) performed CFD simula-
tions with the help of the Finite Element Method to study the 
transition between laminar and turbulent flow in the natural 
convection in rectangular differentially heated cavities. He 
used a transient solver to look for fluctuations in the solution 
that may indicate the onset of turbulence. He devised a power-
law correlation between the Ra and A numbers for the transi-
tion limit that is shown in Fig. 13. 
Power also proposed a new Nusselt number correlation in 
and around the laminar-turbulent transition regime; he inves-
tigated: A=5, 10, 20, 30, 40, 50, 60, 80 [-] and Ra=1e4-5.25e5 
[-]. His correlation is:
Nu Ra A= ⋅ ⋅( )−0 1098 1 2 1 6 0 6113. / / .
The range of validity for the correlation is:
3.5e4<Ra<5.25e5 for A=20 [-]
3e4<Ra<4.06e5 for A=30 [-]
1e4<Ra<1.7e5  for A=40 [-]
1e4<Ra<1e5  for A=50 [-]
2e4<Ra<4.4e4  for A=60 [-]
Yang’s dissertation (2003) studied several aspects of the 
natural convection in differentially heated rectangular cavi-
ties: the inclination angle dependence of the heat transfer, the 
modelling of turbulence in the flow, and the limits of transition 
between laminar and turbulent flow regimes. A new correlation 
for the Nusselt number is also presented. 2D CFD simulations 
of inclined cavities failed to produce any results that compared 
favourably with existing measurement data in the literature, 
indicating that this type of flow is strongly 3D in nature.
Yang used a k-ω turbulence model for his simulations and 
relied on the comparison of simulation with and without the 
turbulence model to find the laminar-turbulent transition points. 
According to his findings, the transition occurs at Ra=1e9*A^-3 
if A<33 [-] and at Ra 360.418*A^-0.7573 if 33<A<74. This 
limit is in relatively good agreement with the results of both 
Power (1999) and Batchelor (1954) as seen in Fig. 13.
The new correlation for the Nusselt number is derived 
for aspect ratios of A=20-100 [-] and Rayleigh numbers of 
Ra=2e4-2e5 [-]:
Nu Ra A= ⋅ ⋅ −0 0979573 0 310338 0 0860783. . .
Xaman et al. (2005) performed CFD simulation with the 
Finite Volume Method with either a laminar or four differ-
ent k-ε turbulence models for natural convection in cavities 
of aspect ratios of A=20, 40 and 50 [-] and Rayleigh numbers 
of Ra=1e3-1e6 [-] for the laminar and Ra=1e4-1e8 [-] for the 
turbulent simulations. From the four investigated turbulence 
models, they found the one of Ince and Launder (1989) to best 
agree with measurement data taken from the literature. They 
used this model to derive two sets of correlations of their own 
for the Nusselt number based on either laminar or turbulent 
calculations and for A=20,40 and 80 [-].
The laminar correlations (for 1e3≤Ra≤1e6) are:
Nu Ra for A= ⋅ =0 1731 200 2617. .
(27)
(26)
(28)
(30)
(29)
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Nu Ra for A= ⋅ =0 1865 400 245. .
Nu Ra for A= ⋅ =0 1897 800 2398. .
The turbulent correlations (for 1e4≤Ra≤1e8) are:
Nu Ra for A= ⋅ =0 0857 200 3033. .
Nu Ra for A= ⋅ =0 0635 400 323. .
Nu Ra for A= ⋅ =0 054 800 3335. .
By comparing their results with the correlations of Yin et al. 
(1978), ElSherbiny (1982b), Wright (1996), Zhao et al. (1998) 
and EN 673 (2011), they found that their laminar result agreed 
best with the data of Yin et al. and their turbulent results with 
most, except for EN 673. It must be noted, that their laminar 
calculation reached well into the fully turbulent regimes for 
A=40 and 80, and none of the data they used for comparison 
reached as far as theirs in the turbulent regime.
The European standard EN 673 (2011), for the calculation of 
the thermal transmittance of glazing systems, presents a single 
set of three correlations for the calculation of the Nu number 
dependent only on the Gr and Pr numbers (i.e. the Ra number) 
and the inclination of the cavity:
Nu Gr for= ⋅ ⋅( ) = °0 035 900 38. Pr . ϕ
Nu Gr for= ⋅ ⋅( ) = °0 1 450 31. Pr . ϕ
Nu Gr for= ⋅ ⋅( ) = °0 16 00 28. Pr . ϕ
For other inclinations, the Nu number is to be determined 
by linear interpolation. Their aspect ratio dependence is com-
pletely neglected.
The EN ISO 15099 (2003) standard is much more compre-
hensive than EN 673 (2011) as it incorporates both centre of 
glazing thermal and optical calculations and multi-dimensional 
calculations of heat transmission through glazing-spacer-frame 
assemblies as well as the effect of the addition of shading 
devices. The set of correlations found in the standard is a col-
lection from the literature introduced above:
The correlation for vertical (φ=90°) cavities:
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For inclinations between 60° and vertical (60°<φ<90°), the 
Nusselt number is to be determined by linear interpolation 
between the Nu
90
 and Nu
60
 values. This is reported to be valid 
by the standard for cavities with 1e2<Ra<2e7 and 5<A<100.
The correlation for cavities inclined at φ =60° is:
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The correlation for cavities inclined at 0≤φ<60° (valid for 
Ra<1e5 [-] and A>20 [-]) is:
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The correlation for φ=90° is based on the work of 
Wright (1996), the ones for φ=60° and the method for interpo-
lation for 60°<φ<90° on ElSherbiny et al. (1982b) and the cor-
relation for 0≤φ<60° on Hollands et al. (1976). The correlation 
for φ=90° is given without any limits on the A and Ra numbers, 
which is questionable as it was derived for a much more limited 
range of measurement values as we have seen earlier.
4 Flow regimes of IG units and box type windows
Figure 13 shows the Ra and A limits of the different flow 
regimes as described by the various authors in the literature 
review. Though the various sources don’t agree with each other 
completely due to differences in methodology, possibly meas-
urement and calculation accuracy issues and the different area 
they investigated, the approximate limits for the main flow 
types are clear.
By performing a simple Monte Carlo simulation on the 
expected range of the relevant geometrical and thermal param-
eters (cavity height, cavity thickness and temperature differ-
ence), we can determine the A and Ra number range  we can 
expect to encounter in the cavities of IG units (H=0.4-3.5 [m], 
L=0.04-0.025 [m], dT=1-30 [K]) and box type windows (H=1-
3.5 [m], L=0.1-0.2 [m], dT=1-30 [K]) respectively. The results 
are shown in grey and red dots on the chart.
(39)
(41)
(40)
(42)
(38)
(37)
(36)
(35)
(34)
(33)
(31)
(32)
(43)
(44)
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Fig. 13 The different flow regimes reported in the literature dependent on the 
Ra and A numbers and the typical A-Ra number pairs for IG units and box 
type windows
Insulating Glass units have typical aspect ratios of 30-40 [-] 
and more, and their thin cavities limit the Ra number to rela-
tively low values (<10e5 [-]) for most cases (as the Ra number is 
proportional to the third power of cavity thickness). As a result, 
most IG units are in the laminar conduction regime; only for 
small aspect ratios and very large Ra numbers (relatively large 
cavity thickness and large temperature difference) do they reach 
into the transition regime. An example for such an extreme case 
would be a very small IG unit with an above standard cavity 
width. Both Batchelor (1954) and Yang (2003) reported a bot-
tom Ra number limit for the onset of turbulence (Unlike Yin et 
al. (1978)). This limit is quite high, so turbulence is also rarely 
encountered; although the creation of secondary convection 
cells can occur at slightly smaller Rayleigh numbers.
The large cavities of box type windows occupy a differ-
ent position on the chart. The aspect ratio ranges from 6 to 
around 33 [-] and the Rayleigh number from 6e5 to 3e7 [-]. 
This puts these cavities clearly in the turbulent boundary layer 
flow regime (except for the smallest of temperature differences 
that are right at the edge of turbulence). They are well above 
the upper limit for secondary flows, but according to Batchelor 
(1954), and Eckert and Carlson (1961), a pronounced vertical 
temperature stratification is expected instead, which is a char-
acteristic of boundary layer regime flows.
5 Critical analysis of Nu correlations for the case of 
box type windows
The correlations found in the literature to calculate the Nu 
number are summed up in Table 1 with the A, Pr, Gr or Ra 
number ranges they were based on. These ranges are often 
neglected but are important as equations should only be used 
which were derived and validated for the flow regime under 
investigation. The range of the most important studies is also 
visualized in Fig. 14.
As mentioned earlier, the correlation of Wright (1996) in the 
widely used ISO 15099 (2003) standard is based on data that 
does not extend into the range of box type windows. His main 
source, ElSherbiny did make measurements for A = 10 and 20 
[-] that at least partially extended into the concerned zone, so 
did Yin et al. (1978). We also have the turbulent CFD results of 
Xaman et al. [35]. Most other authors concentrated their study 
on the flow regimes shown to be relevant for IG unity only.
We can compare the Nu number prediction of the various 
correlations for a given aspect ratio of A=20 [-] by plotting 
them against one another in Fig. 15, and by comparing their 
%Error to the most widely used correlation of Wright (Nu / 
NuWright) in Fig. 16. The aspect ratio A=20 [-] is chosen as a 
characteristic value for many box type windows, which is still 
at least in the vicinity of some IG units. All correlations start 
from Nu=1 for the smallest Ra numbers based on theory, and 
they only start trending upwards between Ra=1e3 and 1e4 [-] 
where the convective heat transfer begins to express itself. For 
calculating IG units, this Ra region is the most important for the 
optimal sizing of the cavity thickness. A suboptimal thickness 
limits the useful convective heat transfer resistance of the cav-
ity, while an above optimal thickness will result in an increased 
Nusselt number, which also limits the thermal resistance.
The different correlations give significantly different results 
for both intermediate (up to 10% difference for Ra=1e3-2e4) and 
large Ra number flows (>20% difference for Ra>1e5). The EN 
673 (2011) and Yin et al. (1978) correlations give the most outly-
ing results. For box type windows, the EN 673 (2011) correlation 
gives the largest Nu value followed by Wright, while all other 
sources report values that are smaller. ElSherbiny’s correlation 
for A=20 [-] is 10% while for Xaman et al. turbulent correlation 
are up to 20% lower than Wright. Most of the other equations are 
not valid for such high Ra numbers and the EN 673 equation has 
no specified range of validity. Its lack of A dependence is another 
reason to mistrust it for cavities with A<40. 
ElSherbiny’s data and independent correlations for A=5, 10 
and 20 would be a good candidate to base our calculation for 
box type windows on, but as reported by Zhao (1998) they show 
an unphysical tendency for large Ra numbers. As described ear-
lier, the Nu number should decrease with an increasing aspect 
ratio for any given Ra number as the top and bottom corners 
of the cavity (where the convection cell loops around) get fur-
ther apart. The data of ElSherbiny shows the opposite trend 
indicating a possible measurement error. The turbulent CFD 
simulation of Xaman et al. [35] gives Nu numbers some 20% 
smaller than Wright, but further study is needed to corroborate 
their findings.
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Table 1 Summary of correlations for the Nu number from the literature with their ranges of validity
source method A Pr Gr Ra Correlation
Eckert and Carlson 
(1961)
meas.
2.5 - 
46.7
0.71
8e4 - 
2e5
Nu=1+0.00166*Gr^0.9*A (cod. r.) 
Nu=0.119*Gr^0.3*A^-0.1 (BL. r.)
Jakob (1967) meas.
3.12 - 
42.2
0.71 2e4 - 
2e5
Nu=0.18*Gr^0.25*A^-0.111 (2e4<Gr<2e5)
Newell and  
Schmidt (1970)
CFD 2.5 - 20 0.71
4e3 - 
1.4e5
Nu=0.115*Gr^0.315*A^-0.265
Yin et al. (1978) meas.
4.9 - 
78.7
0.71
1.5e3 - 
7e6
Nu=0.21*Gr^0.269*A^(-0.131)
Raithby and 
Wong (1981)
CFD 2 - 80
1e3 - 
1e5
Nu=(1+((0.344Ra*^0.25)/(1+112/Ra*^0.87))^2)^0.5
where: Ra*=(0.89-0.73/A)*Ra/A            for adiabatic side walls 
            Ra*=(1-1.02/A^0.44)*Ra/A        for LTP side walls
ElSherbiny et al. 
(1982b)
meas. 5 - 110
1e2 - 
2e7
Nu(A=5)=max((1+(0.193Ra^0.25/(1+(1800/Ra)^1.289))^3)^1./3;   
0.0605*Ra^1/3)
Nu(A=10)=max((1+(0.125Ra^0.28)^9)^1/9 ; 0.061Ra^1/3)
Nu(A=20)=(1+(0.064Ra^1/3)^6.5)^1/6.5
Nu(A=40)=(1+(0.0303Ra^0.402)^11)^1/11
Nu(A=80)=(1+(0.0227Ra^0.438)^18)^1/18
Nu(A=100)=(1+(0.0607Ra^1/3)^18)^18 
 
Nu1=0.0605*Ra^1/3
Nu2=(1+(0.104Ra^0.293/(1+(6310/Ra)^1.36))^3)^1/3
Nu3=0.242*(Ra/A)^0.272
Nu=max(Nu1,Nu2,Nu3)
Wright (1996) 
ISO 15099 (2003)
>40
<1e5 
(1e6)
Nu1=0.0673838*Ra^1/3                           (Ra>5e4)
Nu1=0.028154*Ra^0.4134                       (1e4<Ra<5e4)
Nu1=1+1.75967*10^-10*Ra^2.2984755   (Ra<1e4)
Nu2=0.242*(Ra/A)^0.272
Nu=max(Nu1,Nu2)
Shewen  
et al. (1996)
meas. >40 <1e6 Nu=(1+(0.0665Ra^1/3/(1+(9000/Ra)^1/7))^2)^1/2
Zhao (1998) CFD 5-110 <2e4
Nu1=(1+((0.788335*B^0.881073)/(139.677+B^0.724505))^2)^0.5
B=(1.42227-1.41845/A)*Ra/A                (A=5-30)
Nu2=(1+0.00044265*(Ra/A)^1.36869)^0.326071        (A=30-110)
Power (1999) CFD 20-60 ~A
Nu=0.1098*(Ra^1/2*A^-1/6)^0.6113     (A=20  3.5e4<Ra<5.25e5) 
                                                                 (A=30  3e4<Ra<4.06e5)
                                                                 (A=40  1e4<Ra<1.7e5)
                                                                 (A=50  1e4<Ra<1e5)
                                                                 (A=60  2e4<Ra<4.4e4)
Yang (2003) CFD 20-100 2e4-2e5 Nu=(0.0979573*Ra^0.310338)/(A^0.0860783)
Xaman et al. 
(2005)
CFD
20,40, 
80
1e3-1e8
laminar (Ra=1e3-1e6):
Nu=0.1731Ra^0.2617                           (A=20)
Nu=0.1865Ra^0.245                             (A=40)
Nu=0.1897Ra^0.2398                           (A=80)
turbulent (Ra=1e4-1e8):
Nu=0.0857Ra^0.3033                           (A=20)
Nu=0.0635Ra^0.323                             (A=40)
Nu=0.054Ra^0.3333                             (A=80)
EN 673 (2011) -
Nu=0.035*(Gr*Pr)^0.38                      (φ=90° or vertical or vertical)
Nu=0.1*(Gr*Pr)^0.31                          (φ=45°)
Nu=0.16*(Gr*Pr)^0.28                        (φ=0°or horizontal)
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Fig. 14 A comparison of the range of validity for various Nu correlations as published by their authors
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Fig. 15 A comparison of the different Nu correlations for A=20 [-]
Fig. 16 A comparison of the different Nu correlations for A=20 [-] to the 
correlation of Wright / ISO15099
6 Conclusions
The different cavity dimensions of Box type windows were 
shown to result in a type of natural convection very differ-
ent from the one encountered in the much thinner cavities of 
insulating glass units. The literature review of publications 
on flow characterization and convective heat transfer calcula-
tions, which serve as a basis for most contemporary fenestra-
tion heat transfer calculation tools, reveals their understandable 
bias towards the geometry and Rayleigh number range of IG 
units - a flow regime with very different characteristics. As a 
consequence, the analysis of published Nusselt number corre-
lations shows few equations that are useful for box type win-
dows, with very large discrepancies in their predictions. The 
correlations in the most commonly used standards EN 673 and 
ISO 15099, both seem inadequate due to their neglect of the 
cavity aspect ratio as an influencing parameter, the fact that 
box type windows lie outside their published area of validity 
and their disagreement with more recent results. Based on the 
available literature alone, no definitive statement can be made 
on which correlation is the best suited for box type windows. 
Further study is needed focusing directly on the flow regime 
of such windows to generate a new dedicated correlation and 
to investigate the other effects the difference of box type win-
dows’ might have on the accuracy of fenestration thermal cal-
culation tools.
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